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ABSTRACT
We use local Cartesian simulations with a vertical gravitational potential to study how
supernova (SN) feedback in stratified galactic discs drives turbulence and launches
galactic winds. Our analysis includes three disc models with gas surface densities
ranging from Milky Way-like galaxies to gas-rich ultra-luminous infrared galaxies
(ULIRGs), and two different SN driving schemes (random and correlated with lo-
cal gas density). In order to isolate the physics of SN feedback, we do not include
additional feedback processes. We find that, in these local box calculations, SN feed-
back excites relatively low mass-weighted gas turbulent velocity dispersions ≈ 3 − 7
km s−1 and low wind mass loading factors η . 1 in all the cases we study. The low
turbulent velocities and wind mass loading factors predicted by our local box calcu-
lations are significantly below those suggested by observations of gas-rich and rapidly
star-forming galaxies; they are also in tension with global simulations of disc galaxies
regulated by stellar feedback. Using a combination of numerical tests and analytic ar-
guments, we argue that local Cartesian boxes cannot predict the properties of galactic
winds because they do not capture the correct global geometry and gravitational po-
tential of galaxies. The wind mass loading factors are in fact not well-defined in local
simulations because they decline significantly with increasing box height. More physi-
cally realistic calculations (e.g., including a global galactic potential and disc rotation)
will likely be needed to fully understand disc turbulence and galactic outflows, even
for the idealized case of feedback by SNe alone.
Key words: galaxies: general – galaxies: formation – galaxies: evolution – galaxies:
ISM – ISM: supernova remnants – methods: numerical
1 INTRODUCTION
The evolution of galaxies is strongly influenced by stellar
feedback processes, such as ionizing radiation from young
massive stars, stellar winds, and supernovae (SNe). In many
circumstances, SNe are believed to dominate the energy
and momentum injection in the interstellar medium (ISM;
e.g., McKee & Ostriker 1977; Dekel & Silk 1986; Silk 1997;
Ostriker & Shetty 2011; Faucher-Giguère et al. 2013). As a
result, SNe play a key role in exciting interstellar turbulence
(e.g., Dib et al. 2006; Joung & Mac Low 2006; Joung et al.
2009) and in accelerating galactic winds from star-forming
galaxies (e.g., Veilleux et al. 2005; Strickland & Heckman
⋆ E-mail: dav.martizzi@berkeley.edu
2009; Hopkins et al. 2012a; Muratov et al. 2015). SNe also
strongly influence the dynamics and phase structure of
the ISM by inflating bubbles of hot, diffuse gas (e.g.,
McKee & Ostriker 1977) and by accelerating relativistic cos-
mic rays (e.g., Blandford & Ostriker 1978; Girichidis et al.
2016).
Galaxy formation models that do not include strong
stellar feedback predict galaxies with star formation rates
that are a factor ∼ 100 too high (e.g., Hopkins et al. 2011;
Agertz et al. 2013) relative to observations (Kennicutt 1998;
Genzel et al. 2010). They also form too many stars over-
all by a factor ∼ 5 to > 103 (e.g., White & Frenk 1991;
Kereš et al. 2009; Moster et al. 2010; Behroozi et al. 2010;
Faucher-Giguère et al. 2011) and fail to explain the ob-
served distribution of heavy elements in the intergalac-
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tic medium (e.g., Aguirre et al. 2001; Oppenheimer & Davé
2006; Wiersma et al. 2010). While it is clear that stellar feed-
back is an essential ingredient of galaxy formation models
(e.g., Somerville & Davé 2015), even modern cosmological
simulations generally do not have sufficient resolution to
self-consistently capture stellar feedback. To develop real-
istic subgrid prescriptions to model stellar feedback in cos-
mological simulations, it is necessary to develop a better
understanding of how different feedback processes couple to
the scales that are resolved in these simulations.
Over the past few years, cosmological hydrodynamic
simulations have progressed to the point that the state-of-
the-art simulations using the zoom-in method (Porter 1985;
Katz & White 1993) can achieve mass and spatial resolu-
tions better than ∼ 1, 000 M⊙ and ∼ 10 pc, respectively,
for Milky Way-mass galaxies evolved to the present time
(e.g., Guedes et al. 2011; Stinson et al. 2013; Hopkins et
al. 2014; Marinacci et al. 2014; Agertz & Kravtsov 2015;
Wetzel et al., in prep.). Such simulations directly resolve
some of the key processes in the ISM of individual galaxies,
such as the formation of giant molecular clouds (GMCs).
This is significant because the formation of GMCs is likely
the rate limiting step for star formation in galaxies (e.g.,
Hopkins et al. 2011; Faucher-Giguère et al. 2013). However,
cosmological simulations are not yet capable of directly re-
solving the formation of individual stars or the full details
of how stellar feedback couples to the ISM. To fully take
advantage of the resolution now afforded by cosmological
simulations, it is thus critical to develop a subgrid model for
SN feedback that accurately captures the effects of SNe on
resolved scales.
In Martizzi et al. (2015), we performed high-resolution
simulations of isolated supernova remnants (SNRs) in an
inhomogeneous ISM and provided fitting formulae for the
injection of momentum and thermal energy from individ-
ual SNe as a function of ISM density, metallicity, and the
size of the SNR. These fits can be implemented by injecting
both residual thermal energy and radial momentum at the
resolution scale of cosmological simulations. Using periodic
box simulations with randomly seeded SNe, Martizzi et al.
(2015) verified that this subgrid prescription for SN feed-
back accurately predicts the thermal energy content and
turbulent velocity dispersion of the gas for a given mean
gas density and volumetric SN rate. A simple variant of this
scheme has been used to model SN feedback in the FIRE
(Feedback In Realistic Environments) cosmological simula-
tions, which have proved successful at reproducing a range
of observations for galaxies below ∼ L∗ (e.g., Hopkins et al.
2014; Faucher-Giguère et al. 2015; Ma et al. 2015). Several
recent studies by other groups performed similar high-
resolution simulations of SNRs evolving in an inhomoge-
neous medium and reached broadly consistent conclusions
regarding the momentum boost obtained at the end of the
Sedov-Taylor phase (Kim & Ostriker 2015a; Walch & Naab
2015; Gatto et al. 2015; Li et al. 2015); subgrid SN schemes
analogous to those we developed in Martizzi et al. (2015)
have also been contemporaneously developed by other
groups (Simpson et al. 2015; Kimm et al. 2015).
Idealized simulations of isolated SNRs – or simulations
of multiple SNe assuming periodic boundary conditions –
have a number of limitations, which introduce significant
uncertainties for understanding the impact of SN feedback
on galaxies. In real galaxies, the energy and momentum re-
turned by SNe contribute both to ISM turbulence and to
driving galactic winds. Simulations with periodic boundary
conditions clearly cannot address how efficiently winds are
driven. In this paper, we thus extend the idealized inho-
mogeneous SN feedback study of Martizzi et al. (2015) to
include the effects of vertical stratification in galactic discs
by imposing a background gravitational potential as well as
outflow boundary conditions in the vertical direction. We
continue to adopt the local box approximation, focusing on
∼ 1 kpc3 patches of galactic discs.
Several previous SN feedback studies have in-
cluded vertical stratification in local boxes (Dib et al.
2006; Joung & Mac Low 2006; Joung et al. 2009;
Creasey et al. 2013; Kim et al. 2013; Kim & Ostriker
2015b; Girichidis et al. 2016). Our analysis complements
various subsets of these previous studies in different ways.
Our simulations implement the subgrid SN model devel-
oped in Martizzi et al. (2015), allowing us to compare
in a well-controlled manner our new results with those
obtained before in periodic boxes. We also systematically
compare models with three different gas surface densities
as a proxy for galaxies ranging from ones similar to the
Milky Way to gas-rich ultra-luminous infrared galaxies
(ULIRGs); and for each model, we study two different SN
driving schemes (random and correlated with local gas
density). Girichidis et al. (2016) recently published a closely
related study, which explored a larger set of SN seeding
models. Girichidis et al. (2016) included gas self-gravity
and magnetic fields, which we neglect, but focused on a
Milky Way-like disc. The biggest difference between this
paper and previous work lies primarily, however, in how we
design the simulation catalog and analyse the results. First,
we quantitatively assess what fraction of the SN feedback
energy goes into winds vs. turbulence. We also discuss the
implications for analytic models of the Kennicutt-Schmidt
(K-S) law based on a balance between SN feedback and
gravity (Ostriker & Shetty 2011; Faucher-Giguère et al.
2013).
Finally, we analyse the sensitivity of our results to ver-
tical boundary conditions and identify limitations generic to
local Cartesian box calculations, which appear to have been
under-appreciated in the context of SN feedback studies.
We argue that local Cartesian boxes (both ours and other
ones in the literature) are inherently limited in their ability
to quantitatively predict galactic wind properties. Evidence
for this includes (i) the strong dependence of wind proper-
ties on box height and (ii) an analytic derivation showing
that steady adiabatic SNe-heated winds do not undergo a
standard subsonic to supersonic transition in plane-parallel
geometry (Appendix C). These limitations of local Cartesian
box calculations suggest that further increasing the physical
realism of local calculations or moving to global galaxy mod-
els will be needed to properly understand how SN feedback
generates galactic winds. In addition, our results strongly
suggest that fits to wind properties derived from local simu-
lations (e.g., Creasey et al. 2013) could produce misleading
results if used as a basis for modeling SN feedback in cos-
mological simulations or semi-analytic models.
This paper is structured as follows. §2 describes our sim-
ulation methodology. §3 discusses the global dynamics and
phase structure of the ISM in the simulations. §4 summarises
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our main results concerning the energetics of SN feedback.
In §5, we focus on turbulence in the disc and its relationship
to analytic K-S law models. §6 discusses the effects of the
box geometry and boundary conditions on our results. We
conclude in §7. Appendices contain more details regarding
the convergence with resolution and box height of our sim-
ulations, as well as an analytic treatment of steady winds in
plane-parallel geometry.
2 SIMULATION SET-UP AND
METHODOLOGY
Our main simulations use the ramses code (Teyssier 2002),
an adaptive mesh refinement (AMR) code based on a
second-order unsplit Godunov solver (Toro et al. 1994) (in
Appendix B, we compare our ramses results to tall boxes
run with athena). We evolve an ideal hydrodynamic fluid
in 3D without self-gravity and we adopt the HLLC Riemann
solver. We initialize the metal mass fraction of the gas to a
fixed value Z = Z⊙ = 0.02 (the hydrogen and helium mass
fractions are X = 0.76 and Y = 1 − X − Z, respectively).
Metal line cooling at T < 104 K and photo-electric heating
from dust grains are neglected. The box side length of our
cubical ramses boxes is denoted by L. We use uniform grids
(no mesh refinement) throughout.
2.1 Vertically stratified disc models
We model local patches of galactic discs by imposing a fixed
vertical gravitational potential intended to approximate the
effects of a stellar disc and a dark matter halo; the self-
gravity of the gas is neglected. The specified gravitational
potential depends only on the coordinate z normal to the
disc plane. The disc mid-plane is located at z = 0. The
specific form of the gravitational potential we adopt is the
same as in Kuijken & Gilmore (1989),
φ(z) = a1
[√
z2 + z20 − z0
]
+
a2
2
z2, (1)
where a1 and a2 are coefficients associated with the disc
(stellar) and spheroidal (halo) components, respectively, and
z0 is the scale height of the stellar disc. This potential cor-
responds to an infinite thin disc of stellar surface density Σ∗
embedded in a halo of constant density ρh, such that
a1 = 2πGΣ∗ (2)
and
a2 =
4πG
3
ρh. (3)
We assume that the gas is initially isothermal with temper-
ature T0 and in hydrostatic equilibrium with the prescribed
potential. We set the initial temperature to T0 = 1.32× 104
K. Since the initial profile of the gas declines rapidly with
increasing z, we impose a floor ρgas,min = ρgas(z = 250pc)
on the initial gas density distribution. We define an effective
gaseous disc scale height zeff such that
Σgas =
∫ +L/2
−L/2
dzρgas(z) = 2zeffρ0, (4)
where the ρ0 is the initial mid-plane gas density. At later
times the disc is supported in part by turbulent pressure,
rather than thermal pressure. As a result, the true effective
scale height can differ from the one defined using the initial
conditions in equation 4. We nevertheless use zeff to define a
characteristic height used to measure various quantities for
each of our disc models; the true steady-state scale heights
are somewhat smaller. Finally, for each disc model we define
the gas mass fraction as
fgas =
Σgas
Σ∗
. (5)
We simulate three disc models, corresponding to dif-
ferent galaxy types. The parameters for each disc model
are given in Table 1. The Milky Way-like MW model has
Σgas = 5 M⊙/pc2, fgas = 0.088, and z0 = 180 pc. These pa-
rameters are similar to those summarized by McKee et al.
(2015) for the solar neighborhood. The ULTRA-MWmodel,
with Σgas = 50 M⊙/pc2, is our reference configuration. To
achieve a similar gas fraction as in the MW model, the pa-
rameters a1 and a2 are increased by a factor ≈ 10, while
z0 is kept fixed at 180 pc. The ULTRA-MW model is rep-
resentative of a galaxy whose gas surface density and total
mass are larger than the Milky Way. Finally, we investigate a
gas-rich ULIRG model with gas surface density Σgas = 500
M⊙/pc2 representative of ultra-luminous infrared galaxies
(though not as extreme as, e.g., the nucleus of Arp 220).
The scale height of the gravitational potential in the ULIRG
model, z0 = 300 pc, is higher than for the MW and ULTRA-
MW models, as is its gas fraction fgas = 0.496. However, the
ULIRG model has an initial hydrostatic gaseous disc slightly
thinner than the ULTRA-MW model.
Our simulations use periodic boundary conditions on
the sides (along the x and y axes) and outflow boundary
conditions (gradients of density, velocity, pressure, metallic-
ity, and gravitational potential set to zero) at the top and
bottom of the domain. Mass flow into the box from the ghost
zones at the ±z boundaries is not allowed (vz is prevented
from becoming negative at the top boundary, or positive
at the bottom boundary). In our fiducial simulations, we
do not explicitly enforce hydrostatic balance at the top and
bottom of the domain; we verified that this choice does not
influence our results. To assess the convergence of our results
with spatial resolution, we run simulations at three differ-
ent resolutions. The lowest resolution, labeled ‘-L7’ uses a
Cartesian mesh with (27)3 = 1283 cells (cell size ∆x = 7.8
pc). The fiducial resolution, labeled ‘-L8’ uses a Cartesian
mesh with (28) = 2563 cells (∆x = 3.9 pc). The highest reso-
lution, labeled ‘-L9’ uses a Cartesian mesh with (29) = 5123
cells (∆x = 1.95 pc). Appendix A summarises convergence
tests and shows that for the global quantities we focus on
in this paper, our results are well converged with respect to
spatial resolution at the fiducial ‘-L8’ resolution.
Our fiducial simulations use a box side length L = 1
kpc. To test the robustness of our results with respect to
box size, we also ran cubical ramses simulations with L = 2
kpc (labeled ‘-LB’ ). In addition, we ran a “tall box” simula-
tion of height 5 kpc with athena, described in Appendix B.
Overall, we find that the disc properties predicted by our
simulations are robust to box size but that the detailed wind
structure does depend on box size. In particular, the wind
mass outflow rate decreases with increasing box height so
there is no well defined mass outflow rate in local Cartesian
simulations of SNe-driven galactic winds (see §6).
c© 0000 RAS, MNRAS 000, 000–000
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Initial parameters for our vertically stratified disc models
Disc model Σgas [M⊙/pc
2] fgas zeff [pc] a1 [kpc Myr
−2] a2 [Myr
−2] z0 [pc]
√
2φ(z = 500 pc) [km/s]
MW 5 0.088 165 1.42 × 10−3 5.49 × 10−4 180 33
ULTRA-MW 50 0.100 99 1.26 × 10−2 4.87 × 10−3 180 100
ULIRG 500 0.496 87 2.78 × 10−2 9.80 × 10−3 300 130
Table 1. Symbols are defined in §2.1. The last column indicates the escape speed needed to reach the box edge (|z| = 500 pc) from the
mid-plane in our fiducial simulations. All discs are initialized in hydrostatic equilibrium at an initial temperature T0 = 1.32× 104 K.
2.2 Supernova seeding schemes
To model SNe, we inject energy and momentum in spheres
of fixed radius Rinj = 2 × ∆x for each SN following the
subgrid model developed by Martizzi et al. (2015) based on
high-resolution simulations of isolated SNRs. Specifically,
we use the fits in equation (11) of Martizzi et al. (2015) as
a function of ambient density nH and metallicity Z (eval-
uated as the means within Rinj) to determine the radial
momentum and residual thermal energy Pr(Rinj, nH, Z) and
Eth(Rinj, nH, Z) at the injection radius. In the limit in which
the cooling radius of SNRs is well resolved by our local disc
simulations, this subgrid model reduces to simply injecting
1051 erg of thermal energy per SN and letting the simula-
tion code explicitly capture the conversion into radial mo-
mentum. When the cooling radius is not well resolved (i.e.,
when it is smaller than or comparable to the injection ra-
dius), the subgrid prescription approximates the thermal en-
ergy and momentum deposition based on the isolated SNR
fits. The radial momentum is injected in a way that enforces
the net linear momentum vector deposited to be zero (i.e.,
radial momentum canceling along opposite directions). We
also return 3 M⊙ of mass into the ambient medium for each
SN explosion (a negligible effect on the total mass in the
box).
We do not explicitly model star formation but instead
explore two different schemes for seeding SNe.
In the first scheme (‘FX-’ suffix for “fixed”), SNe are ran-
domly seeded in space and time within |z| 6 zeff (defined
in eq. 4). The SN rate is set based on an observationally-
inferred Kennicutt-Schmidt law Σ˙∗ ∝ Σ1.4gas (Kennicutt et al.
2007), where Σ˙∗ is the star formation rate surface den-
sity. Σ˙∗ is converted to a volumetric SN rate via n˙SN =
Σ˙∗/(2zeffm∗), wherem∗ = 100M⊙ (i.e., one SN per 100 M⊙
of newly formed stars). Since zeff is typically larger than the
steady-state gaseous disc scale height, a relatively large frac-
tion of the SNe explode in regions of relatively low density
above or below the disc. The fractions of SNe exploding at
ρ < ρ0/3 are ∼ 10%, ∼ 60% and ∼ 60% for ÄFX-MW, FX-
ULTRA-MW and FX-ULIRG, respectively. Such fractions
could occur if a high fraction of SNe are produced by run-
away OB stars (e.g., Conroy & Kratter 2012). Furthermore,
radiative feedback from star formation can clear molecular
clouds of their gas before all core collapse SNe have had time
to explode (e.g., Hopkins et al. 2012b; Dib et al. 2013). We
stress, however, that our FX model is primarily intended to
test the random limit for SN feedback, rather than being
motivated in detail by a particular physical model.
In the second scheme (‘SC-’ suffix for “self-consistent”),
we assume that star formation occurs on a time scale t∗ that
is a multiple of the local dynamical time, t∗ = f∗tdyn. We
adopt the value f∗ = 100, corresponding to a star formation
efficiency of one percent per dynamical time. The dynamical
time is calculated using the mass density corresponding to
the prescribed potential,
tdyn(z) =
√
3π
16Gρ(z)
, (6)
where
ρ(z) =
1
4πG
∇2φ(z) (7)
(in the disc, the stellar component dominates the potential).
For any given cell, the volumetric SN rate is then given by
n˙SN,loc =
ρgas
m∗t∗
(8)
As for the FX scheme, SNe are seeded randomly but with a
probability per time step proportional to the local gas den-
sity. We do not allow more than one SN to explode in a sin-
gle cell per time step. In the SC scheme, SNe preferentially
explode where the gas density is high, such as near the mid-
plane and around density peaks. We do not, however, enforce
an explicit cut on the distance from the mid-plane at which
SNe are allowed to occur. Note also that this scheme is not
as extreme as the ‘peak driving’ scheme of Girichidis et al.
(2016), in which SNe are seeded only at the highest density
peaks.
The parameters of all the ramses simulations we anal-
yse in this paper are summarised in Table 2.
3 GLOBAL DISC STRUCTURE & DYNAMICS
3.1 Overview and dependence on SN scheme
All of the simulations begin with an initial transient phase
that lasts ∼ 20Myr, comparable to the disc dynamical time.
After ∼ 20 Myr turbulent motions in the bulk of the disc
reach a statistical steady state. In the ULTRA-MW and
ULIRG cases, a steady outflow is also achieved. The MW
model also develops a wind at late times, but it is further
from steady state (the dynamical time for the MW model is
a factor ∼ few longer than the other models).
Figure 1 shows density and temperature maps in the
quasi-steady state at t = 40 Myr for the FX SNe simula-
tions at our fiducial resolution. For comparison, Figure 2
shows the same maps for the ULTRA-MW run with the
SC supernova driving model. The disc structure is charac-
terised by a mid-plane temperature T ∼ 104 K and a hot-
ter ‘corona/atmosphere.’ This is particularly true for the
ULTRA-MW and ULIRG simulations, for which the corona
is highly inhomogeneous with large density and tempera-
ture fluctuations. By contrast, in the MW case the hot at-
mosphere is not as well developed. The cooler, high density
filaments visible in the atmosphere in all of the simulations
c© 0000 RAS, MNRAS 000, 000–000
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Parameters of the local disc simulations
Simulation name Disc model L [kpc] Number of cells ∆x [pc] SN scheme 〈n˙SN〉 [Myr
−1 kpc−3]
FX-MW-L8 MW 1 2563 3.9 Fixed for |z| 6 zeff 30
FX-ULTRA-MW-L7 ULTRA-MW 1 1283 7.8 Fixed for |z| 6 zeff 1,500
FX-ULTRA-MW-L8 ULTRA-MW 1 2563 3.9 Fixed for |z| 6 zeff 1,500
FX-ULTRA-MW-L9-LB ULTRA-MW 2 5123 3.9 Fixed for |z| 6 zeff 1,500
FX-ULTRA-MW-L9 ULTRA-MW 1 5123 1.95 Fixed for |z| 6 zeff 1,500
FX-ULIRG-L8 ULIRG 1 2563 3.9 Fixed for |z| 6 zeff 43,000
SC-MW-L8 MW 1 2563 3.9 ∝ ρgas 70
SC-ULTRA-MW-L8 ULTRA-MW 1 2563 3.9 ∝ ρgas 1,700
SC-ULTRA-MW-L9 ULTRA-MW 1 5123 1.95 ∝ ρgas 1,700
SC-ULIRG-L8 ULIRG 1 2563 3.9 ∝ ρgas 25,000
Table 2. L is the box side length, ∆x is the cell size, and 〈n˙SN〉 is the time averaged SN rate per unit volume in the region |z| 6 zeff .
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Figure 1. Density (top) and temperature (bottom) maps for the fiducial simulations with spatially and temporally random SNe (but
a statistically fixed SN rate). The maps are for a slice 2 cells thick passing through the centre of the simulation box. Left column: FX-
MW-L8. Central column: FX-ULTRA-MW-L8. Right column: FX-ULIRG-L8. The corona and wind are noticeably less well-developed
in the MW model relative to the two higher surface density (and SN rate) models. SN remnants are visible in the disc as low density
cool bubbles.
are typically associated with gas that is cooling and falling
back to the disc after being pushed out by the outflow.
The comparison of Figure 1 (FX-runs) and Fig-
ure 2 (SC-ULTRA-MW-L8) highlights the sensitivity of the
corona dynamics to the SN seeding scheme, i.e. on the loca-
tion of the SNe. In the FX case, SNe explode with uniform
probability in a horizontal slab of fixed thickness (Table 2).
The probability that a SN explodes in a low density region
is relatively high. Since SNe that explode in low density
regions are more efficient at heating the gas, the FX runs
typically have a much hotter and more dynamic atmosphere.
In the SC runs, by contrast, SNe preferentially explode in
higher density regions close to the mid-plane; as a result,
SNe heating is less efficient in the SC case and the atmo-
sphere is colder than in the FX case. This translates into a
much weaker outflow (§4).
3.2 Phase Structure of the Discs
In the density and temperature maps in Figures 1 and 2 one
can identify regions where SNe recently exploded close to
the disc mid-plane. SNRs can be observed in two different
phases: (I) the hot energy conserving Sedov-Taylor phase
(II) the momentum-conserving phase, after the SN remnant
has cooled to low temperatures but has yet to mix into the
ambient ISM.1 The hot phase of a SNR is comparatively
rare in these simulations due to the short cooling times
(high densities) that characterise the disc models we ana-
lyze. It is much more common to find cool, low density cav-
ities characteristic of SNRs that have already reached their
1 Adiabatic expansion of remnants can decrease the temperature
below the minimum temperature allowed by the cooling curve.
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Figure 3. Volume weighted probability functions of lognH (left column) and log T (right column). The probability functions are
measured in the region −1.5zeff < z < +1.5zeff (solid lines) and −50 pc < z < 50 pc (dashed lines) and are time averaged over
30 Myr < t < 40 Myr. Each row is a different configuration: MW (top), ULTRA-MW (middle) and ULIRG (bottom). SC runs are shown
in black, FX runs in red. In all of the models, the bulk of the disc has a density of order the mean density of the disc and a temperature
of ∼ 104 K but there is a significant tail to the PDFs associated with lower density gas in SNRs.
momentum conserving phase. To understand this quanti-
tatively, it is useful to recall that the cooling radius of a
SNR at solar metallicity is Rc ≃ 8(n/10 cm−3)−0.42 pc (e.g.,
Martizzi et al. 2015). Thus unless n ≪ 10 cm−3, the SNRs
are relatively small in their energy conserving phase, and are
only marginally resolved for the ULIRG densities. Despite
this, we show in Appendix A that the global properties of
the disc structure and outflows are converged with respect
to numerical resolution.
To better quantify the phase structure of the disc pro-
duced by SNe, Figure 3 shows volume weighted probability
distribution functions (PDFs) for the gas density and tem-
perature in both the FX and SC simulations. The probabil-
ity functions are measured in the regions |z| < 1.5zeff (solid
lines) and |z| < 50 pc (dashed lines), and are time averaged
over 30 Myr < t < 40 Myr. The PDFs within |z| < 50 pc de-
scribe the phase structure of the bulk of the disc while those
for |z| < 1.5zeff (solid lines) include some of the corona. Fig-
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Figure 2. Density (top) and temperature (bottom) maps for the
SC-ULTRA-MW-L8 simulation with a SN rate ∝ ρ. The maps are
for a slice 2 cells thick passing through the centre of the simulation
box. The wind and corona are noticeably cooler and less dense
than in Figure 1. This is because the SN rate ∝ ρ used in the
SC simulations leads to more radiative losses than the random
driving in Figure 1.
ure 3 shows that all of the models are dominated by cool
gas (T ∼ 104 K) with a density close to the mean density of
the disc model. In the density probability distribution there
is a low density tail associated with SNRs that experienced
cooling losses and are in the momentum conserving phase.
This tail to the PDF is also present at high temperatures,
though it is somewhat less prominent.
To further quantify the phase structure, Table 3 gives
the volume and mass filling fractions for low density (nH <
0.01n¯H) and high temperature (T > 105 K) gas in the re-
gion |z| < 50 pc, i.e., the region dominated by the disc.
Table 3 shows that the low density and/or hot gas always
constitutes a negligible fraction of the total mass budget of
the disc. However, this gas occupies a reasonable fraction of
the volume (up to ∼ 10%), particularly for the higher sur-
face density FX models. The volume filling fractions of hot
gas are particularly low for the SC models because of the
stronger radiative losses when SNe explode in dense gas.2
More generally, the volume filling fractions of low density
gas are larger than those of hot gas, particularly for the SC
simulations in which the SN rate is proportional to the local
gas density. This again corresponds to the fact that SNRs
spend more time in the momentum conserving phase, when
radiative losses have sapped their thermal energy.
The volume filling fraction of low density gas in our
simulations is of order that expected from analytical esti-
mates. For example, McKee & Ostriker (1977) find that the
volume filling fraction of SNRs when they reach pressure
equilibrium with the external medium at the end of their
evolution is
fV = 1− exp(−QSNR) (9)
where
QSNR ≃ 5
(
n˙SN
103 kpc−3 Myr−1
)
n−0.14H P˜
−1.30
04 (10)
is the porosity of the ISM, n¯H is the mean hydrogen den-
sity, and P˜04 = P/(104 kB cm−3K) is a rescaled ISM pres-
sure. For example, for our ULTRA-MW run, n¯H ∼ 10 cm−3,
P˜04 ∼ 10, and so equations 9 & 10 imply fV ∼ 0.2. This is
of order, though a bit larger than, what we find in the sim-
ulation for the volume filling fraction of low density gas.
3.3 The Global Dynamics of the Corona
Figure 4 compares vertical profiles of the volume averaged
vertical (z) component of the velocity to the sound speed
for the FX (dashed lines) and SC (solid lines) simulations.
The error bars represent 1-σ temporal variations. These pro-
files have been averaged over the interval 30 Myr < t <
40 Myr, when ULTRA-MW and ULIRG develop a quasi-
steady wind. Figure 4 shows clearly the hot corona in all of
the simulations: the mean temperature at high |z| is a factor
of ∼ 100 larger than that in the midplane. In addition, all
of our simulations show acceleration as the gas moves from
the mid-plane towards the box boundary. However, all of the
gas motions remain subsonic on the computational domain,
with outflow velocities at most ∼ 100 kms−1. In detail, the
velocity structure is sensitive to the SN seeding scheme, with
the SC runs typically having slower winds. This is consistent
with the results of the previous subsections, which showed
that SNe in the SC model are more susceptive to radiative
losses. The subsonic outflows seen here are, however, con-
trary to expectations for SNe-driven galactic winds (e.g.,
Chevalier & Clegg 1985). As we will emphasize in §6, this
result is a generic limitation of local Cartesian simulations.
2 The volume filling fractions of low density gas are reasonably
well converged and do not change for our higher resolution ‘-L9’
simulations; however, the volume filling fractions of high temper-
ature gas in Table 3 increase by a factor of a few in the higher
resolution SC simulations.
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Volume and mass filling fractions for |z| < 50 pc
Simulation name fV(nH < 0.01n¯H) fV(T > 10
5 K) fM(nH < 0.01n¯H) fM(T > 10
5 K)
FX-MW-L8 1.8 × 10−2 2.4 × 10−3 2.2 × 10−5 1.3 × 10−6
FX-ULTRA-MW-L8 3.1 × 10−2 1.1 × 10−2 5.7 × 10−5 3.0 × 10−5
FX-ULIRG-L8 7.1 × 10−2 4.1 × 10−2 1.4 × 10−4 3.4 × 10−5
SC-MW-L8 1.9 × 10−2 1.1 × 10−3 2.3 × 10−5 2.3 × 10−5
SC-ULTRA-MW-L8 2.8 × 10−2 5.6 × 10−4 5.4 × 10−5 1.1 × 10−5
SC-ULIRG-L8 5.8 × 10−3 1.6 × 10−5 1.6 × 10−5 2.0 × 10−7
Table 3. Volume and mass filling fractions of low density/hot material; all fractions are measured in the region |z| < 50 pc. Column1:
simulation label. Column 2: volume filling fraction of low density material. Column 3: volume filling fraction of hot material. Column 4:
mass filling fraction of low density material. Column 5: mass filling fraction of hot material.
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Figure 4. Profiles of the z-component of the velocity (green) and sound speed (blue) for simulations with spatially random SN rates in
a fixed volume near the disc (FX simulations) and the z-component of velocity (black) and sound speed (red) for simulations with SN
rates ∝ ρ (SC simulations). The profiles are time averaged over the interval 30 Myr < t < 40 Myr and the error bars represent the 1-σ
variations during the considered time interval. The outflow is subsonic throughout the domain, in contrast to the standard expectation
for SNe-driven galactic winds (see §6 for details).
4 ENERGETICS & OUTFLOW PROPERTIES
In this section, we analyse the state of the stratified simula-
tions in terms of the balance between the injection of energy
by SNe and losses via cooling and outflows. In steady state,
the equation for energy balance is
E˙SN = E˙cool + E˙out, (11)
where E˙SN > 0 is the energy injection rate due to SNe,
E˙cool > 0 is the cooling rate, and E˙out > 0 is the rate at
which the wind carries away energy. In addition to these
sources and sinks, we also quantify E˙turb > 0, the rate at
which turbulent energy cascades to small scales. This quan-
tifies how efficient SNe are at driving turbulence, but does
not show up as a separate term in equation 11 because the
energy in turbulent motions ultimately goes into heat and
thus radiation.
In many ways, it is more useful to analyze the prop-
erties of turbulence driven by stellar feedback in terms of
the momentum supplied by SNe and other sources (§5; see,
e.g., Thompson et al. 2005; Ostriker & Shetty 2011). How-
ever, for the purposes of understanding SNe-driven galactic
winds, it is particularly instructive to quantify the fraction
of SNe energy that goes into the wind. This and the wind
mass loading are in fact the two key parameters of SNe-
driven galactic wind theory (e.g., Chevalier & Clegg 1985).
For this reason we focus in this section on analyzing the en-
ergetics and outflow mass loading in our local simulations.
4.1 Definitions
To quantify the cooling rate, we directly adopt the algorithm
used in ramses to compute the cooling rate E˙cool given the
density and temperature distribution at a given time. We
measure the cooling rate in the region |z| < 1.5zeff which
is larger than the steady state disc scale height and where
most of the cooling losses are achieved.
We define two energy injection rates associated with
SNe. The total SN energy injection rate in the case of infi-
nite resolution is E˙SN,tot(t) = n˙SN(t)× 1051erg. In practice,
however, our sub-grid model (§2.2) takes into account that
radiative losses on unresolved scales sap the SNR of energy.
We thus separately define the energy injection rate using
the sub-grid model as E˙SN(t). The ratio E˙SN/E˙SN,tot quan-
tifies how well our simulations resolve the energy-conserving
Sedov-Taylor phase of SNRs: a ratio near unity means that
the SNe typically explode in regions where the density is low
enough to allow the simulation to resolve the full SNR evolu-
tion. When the ratio is low, by contrast, the SNe seeding in-
jects primarily the residual energy/momentum after cooling
losses have already modified the evolution of the SNR. The
MW simulations naturally have low density (large cooling
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radii) and E˙SN/E˙SN,tot ≈ 1, consistent with fully resolved
SNRs, however the ratio is < 1 for ULTRA-MW and ULIRG
where the typical densities are higher and the sub-grid ap-
proach is required.
To quantify the mass outflow rate M˙out from the do-
main, we compare it to the rate at which stars would be
formed in the model disc. We do so by converting the SN
rate n˙SN into a star formation rate SFR =
∫
dzL2m∗n˙SN
with m∗ = 100 M⊙ and defining the mass loading factor of
the wind as η = M˙out/SFR. To quantify the outflow of en-
ergy from a given region, consider a slab with the mid-plane
at its centre whose upper and lower boundaries are defined
by |z| = zout. We compute the outflow rate as the following
sum:
E˙out =
∑
i,|zi|=zout
ρivz,i∆x
2
(
v2i +
γ
γ − 1
Pi
ρi
)
, (12)
where ρi is the cell density, vz,i is the z-component of the
velocity, vi is the magnitude of the velocity and Pi is the
pressure. Only cells with outflowing z-velocity are included
in the sum. We return later to the fact that most of the
outflowing material at a given height falls back eventually
and only a small amount leaves the box. Equation 12 corre-
sponds to the Bernoulli parameter of the outflow times the
mass flux, except that we do not include a term with the
gravitational potential energy. The reason is that the local
boxes we consider do not have a well defined escape velocity.
In fact, vesc ∝ z for large z.
Finally, the rate at which SNe energy goes into turbu-
lent motions can be estimated if some of the properties of
turbulence are known. For the turbulence analysis we de-
compose the velocity field into a mean and fluctuating com-
ponent
v(x, y, z) = vbg(z) + δv(x, y, z) (13)
where vbg(z) is the background value at height z and δv
is the velocity fluctuation defined such that 〈δv〉z = 0
where 〈〉z denotes an average over x, y at a given height z.
Given the velocity fluctuations δv, we calculate the 1D mass
(volume) weighted velocity dispersion σv,M =
〈
δv2/3
〉1/2
M
(σv,V =
〈
δv2/3
〉1/2
V
), and the turbulent kinetic energy den-
sity ǫkin =
〈
ρδv2
〉
/2 (where 〈〉 now denotes a full volume
average). We also measure E(k), the 1D power spectrum of
the turbulent kinetic energy density: we first take the power
spectra of the x, y, z-components of the kinetic energy den-
sity separately and then sum the contributions. We can then
define an effective driving scale Ldrive for the turbulent mo-
tions:
Ldrive =
∫ kmax
kmin
2π
k
E(k)dk∫ kmax
kmin
E(k)dk
. (14)
The minimum wave number kmin is determined by the max-
imum wavelength that can be sampled λmax = L/2, i.e.
kmin = 2π/λmax. The maximum wave number depends on
the spatial resolution, kmax = 2π/∆x. Note that because the
turbulent kinetic energy is highly concentrated in the disc,
the exact value of Ldrive is insensitive to the details of the
coronal dynamics, but is instead determined by the bulk of
the mass, which resides in the disc.
In absence of continuous driving by SNe, turbulence is
expected to decay on a time scale tdecay that can be approx-
imated by (e.g., Stone et al. 1998)
tdecay ≈
Ldrive
σv,M
. (15)
In our simulations, we measure σv,M by averaging over the
region |z| < 1.5zeff , which should include the contribution to
the velocity dispersion from turbulent eddies of all scales rel-
evant to disc turbulence since 3zeff & 2Ldrive for all our sim-
ulations (Table 4). We can thus estimate the rate of turbu-
lence driving by the rate which the turbulent energy would
decay absent driving:
E˙turb ≈
ǫkinL
3
tdecay
=
〈
1
2
ρδv2
〉
σv,M
Ldrive
L3 (16)
Note that because of approximations inherent in deriving
equation 16, E˙turb is only accurate to multiplicative factors
of order unity (in contrast to E˙cool, E˙SN, and E˙out).
4.2 Results of the Energetics Analysis
Figures 5 (FX-runs) and 6 (SC-runs) summarise the ener-
getics and wind mass loading factors for our three different
galaxy simulations. All of the E˙ values are normalized to the
total SNe energy injection rate E˙SN,tot for the given simu-
lation. Appendix A shows that the global quantities in Fig-
ures 5 (FX-runs) and 6 (SC-runs) are well converged with
respect to spatial resolution. The key results of Figures 5
(FX-runs) and 6 are as follows:
• E˙SN/E˙SN,tot is highest in the MW case where the SNR
evolution is easier to resolve and lowest in the ULIRG case.
E˙SN/E˙SN,tot is also systematically higher in the FX simula-
tions relative to the SC simulations. This is because in the
FX simulations the SN rate per unit volume is independent
of height for |z| < zeff ; more SNe thus explode in low density
material where SNRs easier to resolve.
• In all cases the vast majority of the energy supplied by
SNe is radiated away. The turbulence driving rate is typi-
cally E˙turb . 10−2E˙SN,tot; we derive this analytically in the
next section. Outflows carry away at most ∼ 10% of the to-
tal energy supplied by SNe. This high outflow rate of energy
is achieved only in the FX simulations, because in that case
SNe couple better to the low density material. By contrast,
in the SC simulations the outflows carry away at least a fac-
tor of ∼ 10 less energy, . 1% of the total energy supplied
by SNe. This is consistent with the much cooler atmosphere
in Figure 2 relative to Figure 1.
• In the FX simulations, the relative power in the outflows
E˙out/E˙SN,tot is nearly the same in ULTRA-MW and ULIRG
(which have more clearly established steady outflows than
the MW simulation). By contrast, in the SC simulations, the
relative power in the outflows E˙out/E˙SN,tot declines signifi-
cantly with increasing surface density of the disc.
• The mass loading factor of the wind η decreases with
increasing gas surface density and with increasing height z.
The dependence on height z can be understood using Fig-
ure 7, which shows a histogram of dη/d log10 vz, the con-
tribution to the mass loading at |z| = 495 pc (the edge
of the domain) from different logarithmic bins in log10 vz.
Figure 7 shows that the vast majority of the outflow is at
a relatively low velocity that would not escape a realistic
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Figure 5. Energetics and outflow mass loading for the simulations with SNe random in space (FX simulations). First row: SN energy
injection rate given our subgrid SN model (black), cooling rate (red), outflow rate from the region near the disc, |z| < 1.5zeff (blue), and
turbulence driving rate in the disc (green). All E˙ are normalized by the total energy injection rate by SNe (1051 erg per SN). Second
row: wind mass loading factor η (ratio of outflow rate to star formation rate) at z = 1.5zeff (blue) and at z = 495 pc (magenta). The
outflow carries away at most ∼ 10% of the SN energy while the mass loading factor decreases with increasing height z. Figure 6 shows
the same results for the SC runs in which the SNe rate ∝ ρ. The FX models shown here drive more powerful winds with more energy
and larger mass loading.
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Figure 6. Energetics and outflow mass loading for the simulations with SNe rates ∝ ρ (SC simulations). First row: SN energy injection
rate given our subgrid SN model (black), cooling rate (red), outflow rate from the region near the disc, |z| < 1.5zeff (blue), and turbulence
driving rate in the disc (green). All E˙ are normalized by the total energy injection rate by SNe (1051 erg per SN). Second row: wind
mass loading factor η (ratio of outflow rate to star formation rate) at z = 1.5zeff (blue) and at z = 495 pc (magenta). Figure 5 shows
the same results for the FX runs in which the SNe are random in space. The SC model is significantly less efficient than the FX model
at driving winds with E˙ and mass loading factors η smaller by a factor of ∼ 10.
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Figure 7. Wind mass loading factor η (ratio of outflow rate to star formation rate) at the edge of the computational domain (|z| = 495
pc) as a function of log10 vz for the simulations with SNe random in space (FX simulations). These results are time averaged over
30 Myr < t < 40 Myr. The error bars represent the 1-σ time variation in the considered time interval. Outflow with |vz| > 300 km/s
is represented by the red vertical bars. Very little of the outflow is moving sufficiently fast to escape a galaxy with an escape velocity
typical for galaxies with the star formation rate surface densities modeled here.
galactic potential appropriate to these high star formation
rate surface densities. For example, η(vz > 300 km/s) =
0.02, 0.016 and 0.005 for FX-MW-L8, FX-ULTRA-MW-L8
and FX-ULIRG-L8, respectively. The low mass loading of
high velocity gas explains why η declines significantly with
increasing height, since much of the material does not have
sufficient energy to reach large z. This property of the local
simulations precludes us from robustly predicting the out-
flow rates associated with a given set of galaxy properties
(e.g., surface density and SN rate). We return to this in §6
(see also Appendices B & C).
5 PROPERTIES OF SUPERNOVA-DRIVEN
DISC TURBULENCE
5.1 Disc Turbulence
Table 4 summarises the statistical properties of the turbu-
lence in steady state for our various simulations, including
the mass and volume weighted turbulent velocity disper-
sions and the characteristic driving scale of the turbulence
Ldrive (eq. 14). These quantities are all measured by av-
eraging over the region |z| < 1.5zeff and thus largely cor-
respond to the properties of the turbulence in the disc,
not the outflow (this is particularly true for the mass-
weighted quantities; volume-weighted turbulent velocity dis-
persions depend somewhat more on the size of the region
over which the average occurs). One of the key results in
Table 4 is that the mass weighted velocity dispersion is
≈ 3 − 7 kms−1, with little dependence on gas surface den-
sity or the SN driving model (analogous results have been re-
ported in the numerical work of Dib et al. 2006, Joung et al.
2009, Shetty & Ostriker 2012, Kim et al. 2013). The volume
weighted velocity dispersion is, not surprisingly, significantly
larger than the mass-weighted dispersion, but also depends
more sensitively on the spatial distribution of the SNe (FX
vs. SC). Finally, the effective driving scale of the turbulence
Ldrive is of order a few scale-heights in all cases. In the Milky
Way, the driving scale can be probed by measuring the corre-
lation scale of molecular clouds with similar inclinations with
respect to the Galactic disc. Using this method, Dib et al.
(2009) estimated a driving scale & 100 pc comparable to
that found in our simulations. In external galaxies, the driv-
ing scale can be estimated by measuring the ISM velocity
power spectrum, for example using HI gas observations (e.g.
Chepurnov et al. 2015).
Martizzi et al. (2015) derived a simple estimate of the
turbulent velocity dispersion produced by SNe feedback as
a function of mean ambient density and volumetric SN rate,
and showed that it agreed with simulations of multiple SNe
in a periodic box. Their result was
σmod ≈
3
4π
(
32π2
9
)3/7 [
Pfin(n¯H)
ρ¯
]4/7
(f n˙SN)
3/7 , (17)
where Pfin(n¯H) is the average momentum injected per SN
in the momentum-driven snow-plough phase in a medium of
mean density n¯H; ρ¯ is the corresponding mass density; and
f is a factor that takes into account momentum cancella-
tion when multiple blast-waves interact and order unity ef-
fects related to gradients in the density and pressure of the
medium. Table 4 shows that equation 17 does a good job
of reproducing the simulated values of σv,M in our stratified
media simulations, over a wide range of surface densities.
For this comparison, we used
Pfin
m∗
= 1, 420 km s−1
( nH
100 cm−3
)−0.160
(18)
from Martizzi et al. (2015) and assumed f = 0.4 and f = 0.3
for FX and SC, respectively.
One of the results of the simulations (both ours and
previous work) is that the mass-weighted turbulent velocity
dispersion driven by SNe does not depend strongly on the
surface density of the disc. To understand better why this is
the case, and to see why this result is likely robustly applica-
ble to a range of galaxy environments, it is helpful to recall
that in feedback models, the vertical weight of the galactic
disc is balanced by the turbulent pressure generated by stel-
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Turbulence properties
Label Type n¯H [cm
−3] σv,M [km/s] σv,V [km/s] Ldrive [pc] σmod [km/s] χ [km/s]
FX-MW-L8 MW 0.7 5.6 11 119 5.4 160
FX-ULTRA-MW-L8 ULTRA-MW 5.3 7.4 140 126 7.5 50
FX-ULIRG-L8 ULIRG 61.8 7.1 180 93 6.2 94
SC-MW-L8 MW 0.7 6.4 14 138 6.8 93
SC-ULTRA-MW-L8 ULTRA-MW 5.4 6.4 33 62 6.9 34
SC-ULIRG-L8 ULIRG 63.1 3.0 30 54 4.2 30
Table 4. Properties of the turbulence in the statistical steady state in the region near the disc, |z| < 1.5zeff . Columns are: simulation
label, type of disc initial conditions, mean gas density, mass weighted 1D velocity dispersion, volume weighted 1D velocity dispersion,
effective driving scale (eq. 14), velocity dispersion predicted by eq. 17, χ parameter defined in eq. 23 and used in §5.2.
lar feedback (see Thompson et al. 2005; Ostriker & Shetty
2011; Faucher-Giguère et al. 2013). The turbulent pressure
provided by SNe can be written as
pT ≈ F Σ˙∗
(
Pfin
m∗
)
(19)
where F is another factor of order unity that takes into
account cancellation of momentum provided by SNe in the
disc, the fraction of momentum lost in driving galactic winds
and the ratio of the turbulence driving scale and the disc
scale height. A second equation for pT can be derived from
vertical hydrostatic equilibrium. For the simulations in this
paper that lack self-gravity, this takes the form
pT ≈ πGΣgasΣ∗ (20)
where Σgas is the gas surface density, Σ∗ = Σgas/fgas is the
stellar surface density in the disc, and fgas is the gas fraction.
Equations 19 and 20 yield the star formation law for discs
self-regulated by SN-driven turbulence:
Σ˙∗ ≈
πG
F (Pfin
m∗
)fgas
Σ2gas. (21)
Equation 21 reduces to a Kennicutt-Schmidt law Σ˙∗ ∝ Σ2gas
if all the pre-factors do not depend on surface density.
Substituting equation 21 into equation 17, using the
fact that (i) the SN rate is n˙SN ≈ Σ˙∗/2hm∗, where h =
σ2mod/2πGΣ∗ is the scale height of the disc, and (ii) the
average density in the disc can be approximated by ρ¯ ≈
Σgas/2h, we find
σmod ≈ 1.8
(
f
F
)3/5
G2/5P
1/5
fin f
−2/5
gas Σ
1/5
gas . (22)
Equation 22 shows explicitly that the turbulent velocity is
predicted to be a very weak function of disc properties, thus
explaining the weak dependence of velocity dispersion on
gas surface density found in our (and previous) numerical
simulations (see Table 4).
The simple estimates in this section can also ex-
plain why the energy input into turbulence E˙turb ∼
10−2E˙SN,tot (Figs 5 & 6). This follows from E˙turb/E˙SN,tot ∼
P˙inσv,M/E˙SN,tot ≈ Pfinσv,M/10
51 erg, where P˙in is the mo-
mentum injection rate. Since Pfin ∼ 100 M⊙ × 1, 000 km/s
and σv,M ∼ 10 km/s, E˙turb/E˙SN,tot ∼ 10−2. In addition, the
weak dependence of Pfin and σv,M on gas surface density
leads to the weak dependence of E˙turb/E˙SN,tot on galaxy
model seen in Figures 5 & 6.
5.2 Implications for the Star Formation Law
Equation 21 provides a simple analytical estimate of the star
formation law in gaseous discs. To test the assumptions of
this model using our simulations, we use the parameter
χ =
fgasρ¯σ
2
v,M
Σ˙∗
= F
(
Pfin
m∗
)
fgas (23)
where the latter equality follows from equation 21. Alterna-
tively, equation 21 can be rewritten as Σ˙∗ ≈ πGχ−1Σ2gas.
The dependence of χ on Σgas thus quantifies the tilt in the
Kennicutt-Schmidt law with respect to Σ˙∗ ∝ Σ2gas. Table 4
summarises the values of χ in our simulations (we calculate
χ directly using the first definition in equation 23). Table 4
shows that in our calculations, χ does not strongly depend
on the gas surface density. Our results are thus consistent
with a Kennicutt-Schmidt law close to Σ˙∗ ∝ Σ2gas (as in pre-
vious numerical work in local simulations; Shetty & Ostriker
2012; Kim et al. 2013). We leave a detailed study of the star
formation law to future work.
6 WIND DYNAMICS: EFFECTS OF BOX SIZE
AND GEOMETRY
Appendix A shows that the main properties of the SN-driven
turbulence and winds converge well with increasing resolu-
tion. Nonetheless, we believe that many aspects of realistic
galactic wind dynamics are not well described by local sim-
ulations (ours and previous work) because of limitations of
the Cartesian geometry and the lack of a well-defined escape
velocity. We briefly enumerate these concerns here.
We compare our fiducial run FX-ULTRA-MW-L8 to
FX-ULTRA-MW-L9-LB, which is the same simulation per-
formed in a cubic box whose sides are larger by a factor
2. Figure 8 compares the density, pressure, temperature
and velocity profiles time averaged within the time interval
30 Myr < t < 40 Myr. Figure 8 shows that the properties of
the disc within −200 pc < z < +200 pc are not influenced
by the size of the domain. On the other hand, the struc-
ture of the wind/atmosphere is affected. In the large box
the density profile declines to lower values and the pressure
profile is much flatter; the temperature of the atmosphere is
very similar, though the precise profiles differ. In both cases
the velocity of the wind is subsonic throughout the box.
However in the large box the velocity is significantly more
subsonic such that wind velocity close to the box boundary
is a factor ∼ 2 smaller in the large box. These differences
indicate that the detailed structure of the outflows in lo-
cal Cartesian simulations of stratified discs depends on the
c© 0000 RAS, MNRAS 000, 000–000
Supernova feedback in a local stratified medium 13
−1000 −500 0 500 1000
z[pc]
10−3
10−2
10−1
100
101
102
n
H
(z
)[
cm
−
3 ]
FX-ULTRA-MW-L8
FX-ULTRA-MW-L9-LB
−1000 −500 0 500 1000
z[pc]
10−13
10−12
10−11
10−10
P
(z
)[
er
g/
cm
3 ]
FX-ULTRA-MW-L8
FX-ULTRA-MW-L9-LB
−1000 −500 0 500 1000
z[pc]
103
104
105
106
107
T
(z
)[
K
]
FX-ULTRA-MW-L8
FX-ULTRA-MW-L9-LB
−1000 −500 0 500 1000
z[pc]
100
101
102
103
V
el
oc
it
y[
km
/s
]
|vz(z)|− FX-ULTRA-MW-L8
cs(z)− FX-ULTRA-MW-L8
|vz(z)|− FX-ULTRA-MW-L9-LB
cs(z)− FX-ULTRA-MW-L9-LB
Figure 8. Effect of box size on the time averaged vertical profiles
(over 30Myr < t < 40Myr) of various quantities, for the ULTRA-
MW model. The solid line is the fiducial simulation with a 1 kpc3
box (FX-ULTRA-MW-L8) while the dashed line is for a 8 kpc3
box, i.e., each side is 2 kpc (FX-ULTRA-MW-L9-LB). Top left:
density. Top-right: pressure. Bottom left: temperature. Bottom
right: sound speed (red) and z-component of the velocity (black).
The two simulations agree near the disc midplane but the profiles
differ above |z| ∼ 200 pc. Note, in particular, that the outflow is
significantly more subsonic in the larger box.
size of the computational domain. This result is somewhat
different from Creasey et al. (2013), who found a weaker de-
pendence on the boundary conditions. However their tests
only focus on the first 10 Myr of evolution, which is less than
one dynamical time of the disc. We find that significant dif-
ferences in the profiles are only seen for t > 20 Myr, when
the flow reaches its statistically steady state structure.
Figure 9 compares the wind mass loading factors at sev-
eral heights in FX-ULTRA-MW-L8 and FX-ULTRA-MW-
L9-LB. The mass loading factor is very similar in the 2 runs
at z = 1.5zeff , but differs by a factor 2 at z = 495 pc.
In addition, the simulation with the large box shows that
the mass loading factor continues to decrease with increas-
ing distance from the mid-plane (see the black dashed line;
η(z = 995pc)). In Appendix B, we show simulations with
‘tall boxes’ having a vertical extent 5 times larger than their
horizontal extent. The mass loading factor continues to de-
crease with increasing height in the taller boxes (Fig. B1). As
a result, there is no well-defined mass outflow rate (or energy
loss rate) in these local Cartesian simulations of SNe-driven
galactic winds. Analogous concerns have been raised in the
context of shearing box simulations of accretion discs, albeit
with quite different physics (e.g., Fromang et al. 2013).
There are likely two reasons for the lack of a well defined
outflow rate in the local simulations. The first is that the lo-
cal simulations do not have a well defined escape velocity,
since vesc ∝ z at large heights. However, a more serious issue
is that in a Cartesian geometry there are no adiabatic steady
state winds that undergo a subsonic to supersonic transition.
We discuss this explicitly in Appendix C and show that the
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Figure 9. Effect of box size on the wind mass loading factor
η (the ratio of outflow rate to star formation rate) at different
heights, for the ULTRA-MW model. We compare the fiducial
simulation with a 1 kpc3 box (FX-ULTRA-MW-L8) to one with
an 8 kpc3 box, i.e., in which each side is 2 kpc (FX-ULTRA-
MW-L9-LB). The two simulations agree reasonably well at z =
1.5zeff ≃ 150 pc. However, the mass outflow rate continues to
decrease with increasing height z in the larger box, indicating
that there is no well-defined (i.e., independent of box properties)
outflow rate in these local Cartesian simulations. We confirm this
with even taller boxes in Appendix B and discuss the reasons for
this in §6.
standard supernovae driven winds of galactic wind theory
(Chevalier & Clegg 1985) do not exist in Cartesian geome-
try. This is because of the lack of the 1/r2 spherical diver-
gence that enables super-sonic winds in spherical geometry.
The absence of such wind solutions in Cartesian geometry is
presumably why the time averaged velocity profiles in all of
our simulations remain mildly subsonic. This also calls into
question quantitative results on galactic winds derived from
stratified Cartesian simulations. Such quantitative analyses
likely require a more realistic cylindrical or spherical geom-
etry.3 Local Cartesian simulations are nonetheless valuable
for providing insight into the conditions under which multi-
ple supernovae generate an energetically important hot ISM,
and an associated hot galactic corona.
3 For a hypothetical sufficiently tall local Cartesian simulation,
there is no outflow because the potential increases ∝ z2 at large
|z|. Such a local model would only produce a galactic fountain
with no net outflow at any height |z|. One could crudely estimate
a global outflow rate by arbitrarily defining an escape speed vesc
motivated by a global model and calculating the mass outflow rate
for |v| > vesc at some chosen height. In addition to depending on
these arbitrary choices, the corresponding η will be very small, as
shown by Figure 7. Moreover, we believe that the resulting outflow
rate would still not be accurate given the limitations of Cartesian
boxes for capturing subsonic to supersonic wind transitions.
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7 SUMMARY AND CONCLUSIONS
In this paper, we analysed a series of idealized simulations
of SN feedback designed to model local Cartesian patches
of vertically stratified galactic discs (∼ 1 kpc3 regions). We
explored three different disc models of increasing gas sur-
face density, from a Milky Way-like model to a ULIRG-like
model. An intermediate model, ULTRA-MW, served as the
pivot point for our analysis. For each disc model, we inves-
tigated two different SN seeding schemes (random in space
[FX] and proportional to local gas density [SC]). Our pri-
mary goals were to understand how SN feedback drives tur-
bulence in galactic discs and launches galactic winds. Our
simulations build on our previous work (Martizzi et al. 2015)
that focused on isolated SNRs and multiple SNe in periodic
boxes. In particular, we implemented the subgrid model de-
rived in that study to capture the momentum injection and
thermal energy of individual SNe when the Sedov-Taylor
phase of the remnants is not well resolved. A number of other
papers have reported closely related local simulations of SN
feedback in vertically stratified media, with varying degrees
of complexity (e.g., Dib et al. 2006; Joung & Mac Low 2006;
Joung et al. 2009; Shetty & Ostriker 2012; Creasey et al.
2013; Hennebelle & Iffrig 2014; Kim & Ostriker 2015b;
Girichidis et al. 2016). Our study adds to this body of work
by providing a detailed analysis of the turbulence and wind
properties as a function of gas surface density and SN seed-
ing scheme, as well as an analysis of the limitations of local
Cartesian box simulations for predicting the properties of
galactic winds.
Our main results can be summarised as follows:
• When the locations of SNe correlate with density peaks,
the typical cooling radius of SNRs is smaller and hence indi-
vidual SNe undergo stronger radiative losses. As a result, the
corona dynamics are sensitive to the SN seeding model, with
the FX model in which more SNe explode in low-density
regions above and below the mid-plane resulting in hotter
galactic coronae and more powerful outflows.
• In all our simulations, hot (T > 105 K) and/or low-
density (nH < 0.01n¯H) gas makes up a negligible (< 10−3)
mass fraction of the disc (Table 3). Interestingly, the filling
fraction of low density gas is generally larger than that of
high temperature gas.
• In agreement with simulations of isolated SNRs, the
vast majority of the energy supplied by SNe is radiated away.
The rate at which SNe energy goes into driving turbulence
is E˙turb . 0.01E˙SN,tot, while outflows carry at most ∼ 10%
of the total energy supplied by SNe (in the FX simulations;
see Fig. 5). In the SC simulations, SNe couple less efficiently
to the low-density material and . 1% of the total energy
supplied by SNe goes into the wind (Fig. 6).
• All of our simulations generate outflows from the com-
putational domain. However, the mass loading factors (ratio
of outflow rate to star formation rate) η . 1 are low and
the outflows remain subsonic throughout the computational
domain. While our fiducial simulations are well converged
with respect to spatial resolution (Appendix A), the wind
structure changes with increasing box height. In particular,
the outflow rate from the computational domain decreases
significantly with increasing box height (see, e.g., Fig. B1).
These properties of the outflows in our simulations are con-
trary to the predictions of SNe-driven galactic winds (e.g.,
Chevalier & Clegg 1985). We argue that this is primarily be-
cause there are in fact no adiabatic, steady state, subsonic to
supersonic winds – the standard SNe driven winds of galac-
tic wind theory – in Cartesian geometry (see §6 & Appendix
C).
• Most of the outflowing material at a given height even-
tually falls back onto the disc: even at ≈ 0.5 kpc above
the mid-plane, only a very small fraction of the outflowing
mass has sufficient velocity to potentially escape a realis-
tic galaxy with escape velocity ∼300 km s−1 (. 1% even
in the FX simulations; see Fig. 7). These low mass load-
ing factors are in tension with the larger wind mass load-
ing predicted by global galaxy simulations with more re-
alistic geometry (e.g., Hopkins et al. 2012a; Muratov et al.
2015); larger mass loading factors are also required in mod-
els that explain the observed galaxy stellar mass function
and the metal enrichment of the intergalactic medium (e.g.,
Oppenheimer & Davé 2006; Somerville & Davé 2015). Be-
cause of the limitations of local simulations for studying
galactic winds it is, however, premature to conclude that
this is a problem for SNe-driven galactic wind models.
• The properties of the disc turbulence in our simula-
tions are well converged with respect to both spatial reso-
lution and box size. The mass-weighted turbulent velocity
dispersion in the discs depends very weakly on disc proper-
ties. As in previous work (e.g., Dib et al. 2006; Joung et al.
2009; Shetty & Ostriker 2012), we find low mass-weighted
turbulent velocities σv,M ≈ 3 − 7 km s−1 in all cases. We
explain this analytically in §5 (see eq. 22). The weak depen-
dence of the mass-weighted turbulent velocity dispersion on
Σg is consistent with the quadratic Kennicutt-Schmidt law
(Σ˙∗ ∝ Σ2g) predicted by models in which vertical gravity
and stellar (SN) feedback roughly balance in galactic discs
(Ostriker & Shetty 2011; Faucher-Giguère et al. 2013).
Overall, we find that while local Cartesian box simula-
tions are useful for studying how SNe excite turbulence and
how/whether SNRs break out of galactic discs, they are less
useful for predicting realistic galactic wind mass and energy
loss rates. These limitations are likely generic to all local
simulations in Cartesian geometry, not only ours. In par-
ticular, fitting functions for wind mass loading factors as a
function of disc properties derived from local calculations
(e.g., Creasey et al. 2013) are unlikely to be robust.
Our simulations also do not include the effects of galac-
tic rotation and self-gravity. In real galaxies, rotation defines
the Toomre (1964) Q parameter for gravitational stability of
the disc. In many models of how star formation self-regulates
(e.g., Silk 1997; Thompson et al. 2005; Krumholz & McKee
2005; Faucher-Giguère et al. 2013) it is assumed that discs
reach a state of marginal stability, Q ∼ 1. Regulation to
Q ∼ 1 is also supported by many global simulations of galac-
tic discs (e.g., Dobbs et al. 2010; Hopkins et al. 2012; Torrey
et al., in prep.) and by some observations (e.g., Genzel et al.
2011). In a disc with Q ∼ 1, the turbulent velocity dispersion
is directly related to the gas fraction and circular velocity vc
of the disc via σv,M ∼ fgasvc. For a massive gas-rich disc with
fgas ∼ 0.5 and vc ∼ 250 km s−1, Q ∼ 1 would thus predict
a much higher turbulent velocity dispersion than the values
∼ 3 − 7 km s−1 we find in our ULIRG-motivated simula-
tions. Actual local ULIRGs and gas-rich z ∼ 2 star-forming
galaxies are in fact observed to have elevated gas turbulent
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velocity dispersions ∼ 50−100 km s−1 (Downes & Solomon
1998; Genzel et al. 2011) relative to more gas-poor local
galaxies like the Milky Way.4 This suggests that galactic
rotation and self-gravity, not just stellar feedback, may be
important ingredients in determining the turbulent velocity
dispersions of real galactic discs. It is not clear, however,
whether these ingredients also influence how star formation
self-regulates or whether the latter physics is relatively de-
coupled from the larger-scale rotational dynamics (see, e.g.,
Shetty & Ostriker 2012).
Finally, we note that including lower temperature cool-
ing and heating processes will change the phase structure of
the ISM for some galaxy models, and potentially how SNe
vent into the corona to drive a wind (see, e.g., Walch et al.
2015; Girichidis et al. 2016). This may be important for
quantitatively modeling galactic wind properties driven by
SNe.
To make further progress towards understanding the
properties of turbulence and galactic winds driven by SNe,
it will likely be necessary to more realistically model the
global geometry and gravitational potential of galaxies, in-
cluding perhaps the effects of disc rotation and self-gravity.
Of course, in real galaxies other stellar feedback mechanisms
(photoionization, stellar winds, radiation pressure, cosmic
rays, ...) and additional physical processes such as magnetic
fields and interstellar chemistry can also be important, and
may be critical for understanding the science questions high-
lighted in this paper. Isolating the effects of SNe alone is
nonetheless important given their energetic importance for
the ISM and galactic winds. Our calculations demonstrate
that even the idealized problem of SN feedback alone still
poses significant challenges.
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Figure A1. Resolution test: comparison of several bulk prop-
erties of the simulations (averaged over the whole domain) as
a function of time for SC-ULTRA-MW-L7 (black), SC-ULTRA-
MW-L8 (green) and SC-ULTRA-MW-L9 (red). Top left: mass
weighted velocity dispersion. Top right: volume weighted veloc-
ity dispersion. Bottom left: kinetic energy density. Bottom right:
volume weighted temperature. By our L8 simulation which has a
cell size ∆x = 3.9 pc, the results appear well converged.
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Figure A2. Dependence of the wind energy outflow rate (left)
and mass loading factor η (right) on resolution, for the SC-
ULTRA-MW-L8 (green) and SC-ULTRA-MW-L9 (red) simula-
tions. These global properties of the outflow are reasonably well
converged.
APPENDIX A: RESOLUTION TEST
Figures A1 & A2 compare 3 versions of the ULTRA-MW
simulations with SC SN seeding: SC-ULTRA-MW-L7, SC-
ULTRA-MW-L8 and SC-ULTRA-MW-L9 with spatial reso-
lution (cell size) 7.8 pc, 3.9 pc, and 1.95 pc, respectively. The
simulations show good convergence, both in the properties
of the turbulence and in the outflow properties. Figure A1
shows that a resolution of at least 3.9 pc (-L8) is preferred
for convergence in some of the volume weighted quantities.
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Figure B1. Effect of box size on the wind mass loading factor
η (the ratio of outflow rate to star formation rate) at different
heights, for the ULTRA-MW model (as in Fig. 9 of the main
text). These simulations are with athena. We compare a cubic
box like that used in the main text (1 kpc3) to a tall box (1 kpc
× 1 kpc × 5 kpc). The outflow rate is substantially lower at the
boundary of the tall box, confirming the conclusion of §6 that
there is not a well-defined (i.e., independent of box properties)
outflow rate in these local Cartesian simulations.
APPENDIX B: DEPENDENCE OF OUTFLOW
PROPERTIES ON VERTICAL HEIGHT
The comparison of our fiducial simulations to the large box
simulations in §6 indicates that the location of the vertical
boundary impacts the outflows’ properties. To test this in
more detail it is useful to put this vertical boundary even
farther from the disc midplane. Unfortunately, ramses re-
quires that the computational domain be cubical, so to ex-
tend the vertical boundary we must also extend the horizon-
tal boundaries, which increases the computational cost and
is not necessarily equivalent to simply increasing the verti-
cal size of the domain. To avoid this issue we implemented
the exact same SN feedback in a stratified medium setup in
athena (Stone et al. 2008), which has very similar capabil-
ities, but for this problem has the benefit of being able to
use arbitrary rectangular domains.
We ran two simulations with athena. In the first we
exactly duplicate FX-ULTRA-MW-L8. It has a 2563 cubical
domain, 1 kpc on a side, and we refer to it as A-FX-ULTRA-
MW-L8. The second has the same fixed SN injection scheme,
and the same initial conditions, but is elongated along the
z-axis. This run, which we refer to as A-FX-ULTRA-MW-
TALL, is 1 kpc × 1 kpc × 5 kpc in size and has 256 × 256 ×
1,280 cells. Figure B1 shows the mass loading of the outflow
for both of these simulations.
Reassuringly, the differences between the matching
ramses and athena simulations, A-FX-ULTRA-MW-L8
and FX-ULTRA-MW-L8, are negligible. The minor differ-
ences arise due to slight differences in the numerical tech-
niques used in the two codes and stochastic differences in SN
seeding. The key point of Figure B1 is that the outflow rate
continues to decrease significantly at large z, confirming our
conclusion in §6 that there is not a well defined outflow rate
for the local Cartesian simulations.
APPENDIX C: ANALYTICS OF WINDS IN
STRATIFIED GEOMETRIES
The stratified Cartesian boxes utilized in this and previ-
ous studies allow one to study the dynamics of overlapping
SNe at higher resolution than is possible with compara-
ble computational time in fully global models of galactic
discs. One downside, however, is that the absence of a re-
alistic global geometry precludes standard steady subsonic
to supersonic winds from developing (related concerns have
been noted in the shearing box accretion disc literature; e.g.,
Fromang et al. 2013).
To see this we consider a steady state wind in the spirit
of Chevalier & Clegg (1985), in which SNe produce a mass
per unit time per unit volume of q and an energy per unit
mass of ǫ. For a steady flow in the z direction in Cartesian
geometry, the equations of conservation of mass, momentum,
and entropy become
d
dz
(ρv) = q, (C1)
ρv
dv
dz
= −
dP
dz
− ρ
dΦ
dz
− qv = 0, (C2)
and
ρvT
ds
dz
= q
(
1
2
v2 + ǫ −
5
2
P
ρ
)
− ρ2Λ˜, (C3)
where v is the vertical flow speed, we have assumed an ideal
gas with an adiabatic index of γ = 5/3, and Λ˜ = Λ/(µmp)2.
Equations C1-C3 can be combined using standard ma-
nipulations to yield a wind equation for the vertical velocity:
ρ
v
dv
dz
(
v2 −
5
3
P
ρ
)
= −ρ
dΦ
dz
−
4
3
qv −
2
3
qǫ
v
+
2
3
ρ2Λ˜
v
(C4)
A nominal sonic point is associated with v2 = 5/3(P/ρ) and
so the right hand side of Equation C4 must vanish at the
sonic point. However, all of the terms on the right hand side
of Equation C4 are negative except the cooling term ∝ Λ˜.
This implies that in Cartesian geometry there can only be
a sonic point in the presence of strong cooling. Adiabatic
steady state winds which undergo a subsonic to supersonic
transition – the standard supernovae driven winds of galac-
tic wind theory (Chevalier & Clegg 1985) – do not exist in
Cartesian geometry. This is simply because of the lack of
the 1/r2 spherical divergence term that usually appears on
the right hand side of Equation C4. As discussed in §6, the
absence of such wind solutions in Cartesian geometry calls
into question quantitative results on galactic winds derived
from stratified Cartesian simulations.
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